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What We’ll Cover Today

I Charged Particles
I Helixes
I Track parameterization
I Energy loss

I Reconstructing Hits
I Detectors: drift, Si,

fiber
I 2D points
I 3D points
I 4D points?

I Group activity! (5 mins)
I Track Reconstruction

I Fitting: χ2, Kalman
filter

I Multiple scattering
I Alignment
I Multiplicity and fakes

I Vertexing

I B-Tagging
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CERN Bubble Chamber
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CMS Tracking Chamber
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Basic Idea

When we talk about “tracking,” we want to do the
following:

I Measure the true path of the charged particle, which
let’s us know...

I The momentum (3-momentum) if we know the
magnetic field

I The sign of the charge of the particle

I With other constraints or assumptions, the “origin” in
space of the particle

I Without some other detector though, we can’t measure
the mass independently just with a tracker

Updated August 14, 2006



Basic Idea

When we talk about “tracking,” we want to do the
following:

I Measure the true path of the charged particle, which
let’s us know...

I The momentum (3-momentum) if we know the
magnetic field

I The sign of the charge of the particle

I With other constraints or assumptions, the “origin” in
space of the particle

I Without some other detector though, we can’t measure
the mass independently just with a tracker

Updated August 14, 2006



Basic Idea

When we talk about “tracking,” we want to do the
following:

I Measure the true path of the charged particle, which
let’s us know...

I The momentum (3-momentum) if we know the
magnetic field

I The sign of the charge of the particle

I With other constraints or assumptions, the “origin” in
space of the particle

I Without some other detector though, we can’t measure
the mass independently just with a tracker

Updated August 14, 2006



Basic Idea

When we talk about “tracking,” we want to do the
following:

I Measure the true path of the charged particle, which
let’s us know...

I The momentum (3-momentum) if we know the
magnetic field

I The sign of the charge of the particle

I With other constraints or assumptions, the “origin” in
space of the particle

I Without some other detector though, we can’t measure
the mass independently just with a tracker

Updated August 14, 2006



Basic Idea

When we talk about “tracking,” we want to do the
following:

I Measure the true path of the charged particle, which
let’s us know...

I The momentum (3-momentum) if we know the
magnetic field

I The sign of the charge of the particle

I With other constraints or assumptions, the “origin” in
space of the particle

I Without some other detector though, we can’t measure
the mass independently just with a tracker

Updated August 14, 2006



Basic Idea

When we talk about “tracking,” we want to do the
following:

I Measure the true path of the charged particle, which
let’s us know...

I The momentum (3-momentum) if we know the
magnetic field

I The sign of the charge of the particle

I With other constraints or assumptions, the “origin” in
space of the particle

I Without some other detector though, we can’t measure
the mass independently just with a tracker

Updated August 14, 2006



Lorentz Force: q(~v × ~B)
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Helicoidal Tracks
I For a solenoidal magnetic field (ie the main magnet), z

is along the field direction
I The Lorentz force causes it to trace out a circle in the

x − y plane and move with constant velocity along z
I Displacement in z is proportional to the arclength (s)

traversed in x − y
I We can think of a straight line in the s − z plane
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Helix Parameters
We can decompose the momentum of a track in spherical
coordinates [1]:

px = p cos φ sin θ

py = p sin φ sin θ

pz = p cos θ

Different experiments choose different ranges for the angles,
it’s important that you figure out what they are using:

φ ∈ [−π, π] θ ∈ [0, π]

There must also be some “reference point” in space to
uniquely define our helix: (xr , yr , zr)
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Helix Parameters in x − y Plane
This parameterization is more closely related to things we
actually measure with our trackers

I C : Curvature of the
track. Signed with
charge.

I φ0: Azimuthal angle of
the momentum at the
point of closest approach

I δ: Distance of closest
approach. (Also signed,
but differently.)
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Transverse momentum

The component of the momentum in the x − y plane, the
transverse momentum pT or p⊥, is given by

p⊥[GeV] =
B[kG] c[mm/s] 10−10

C [mm−1]

=
B[T] c[ cm/s] 10−13

C [ cm−1]

p⊥ = p sin θ

Updated August 14, 2006



Transverse momentum

The component of the momentum in the x − y plane, the
transverse momentum pT or p⊥, is given by

p⊥[GeV] =
B[kG] c[mm/s] 10−10

C [mm−1]

=
B[T] c[ cm/s] 10−13

C [ cm−1]

p⊥ = p sin θ

Updated August 14, 2006



)-1Curvature (cm
-0.04 -0.02 0 0.02 0.04 0.06

Tr
an

sv
er

se
 M

om
en

tu
m

 (G
eV

)

-10

-5

0

5

10

 vs Curvature in a 4T Homogeneous Field (CMS)
T

p
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z = z0 + s tan λ

I λ: Dip angle of track, or
could also use

I θ: Polar angle of track

I z0: The z of the track at
the point of closest
approach in x − y
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Energy Loss

I If a charged particle passes through material, it can lose
energy and slow down and change direction somewhat

I As a particle bends in the magnetic field, it can emit
bremsstrahlung and slow down

Our model of the trajectory of the charged particle has to
take these effects into account if they are important
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Tracking Detector

I Should have the least amount of material as possible
I Should have as many measurements of the trajectory as

possible
I To measure pT well, the longer the lever arm the better
I Measurement points should be as precise as possible

Some of the main technologies in use right now covert the
energy lost by a charged particle with

I Gas and wire: ions in gas drift to wire under influence of
electric field. Drift time and position must be precisely
known

I Scintillating fibers
I Semiconductor: usually silicon, fully depleted. Charge is

collected in precisely laid down strips or pixels
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CDF’s COT

 Computer Physics Communications 39

Figure 4.  The COT during “stringing” of the wire planes and field sheets.  The carbon composite inner cylinder, aluminum end plate 

(east) and aluminum outer cylinder are visible.  Superlayers 1-5 have been strung and superlayer 6 is about half done.  A wire plane is 

being inserted at 10:00 and a field plane at 4:00.  Pre-tension fixtures are seen in superlayers 6 – 8. 

Figure 3. Three supercells in superlayer 2 looking along 

the beam (z) direction.  Some details in this sketch are 

not precise, such as the position of the shaper wires. 

 Computer Physics Communications 38

Figure 2.  1/6 section of the COT end plate.  For each superlayer is given the total number of supercells, the wire orientation 

(axial or stereo), and the average radius.  The enlargement shows the sense and field slot geometry in detail.  Dimensions are in 

cm. 
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Figure 1. Side view of the central region of the CDF detector (quarter 

section), showing the location of the COT. 
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Silicon Strip Module
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CMS All Silicon Tracker

1 Introduction

The CMS Tracker is a cylindric detector of 5.5 m in length, 1.1 m in radius. It is equipped with silicon pixel

detectors for the innermost part ( cm, cm) and silicon strip detectors for the outer layers (

cm, cm). The pixel detectors provide 2 to 3 three-dimensional hits with a precision of about 10 m

in and 15 m in . The strip detectors measure 8 to 14 hits with a precision ranging from 10 m to 60 m in

, 5 hits being doubled by an additional measurement in a tilted projection. The tracker acceptance extends up

to [1]. A longitudinal section of one quarter of the CMS tracker is shown in Figure 1

Figure 1: Longitudinal section of one quarter of the CMS tracker. Pixel detectors are located at mm,

mm, double silicon strip modules equip two barrel layers and two endcap rings at mm

mm as well as two barrel layers and one endcap ring at mm mm, and single silicon strip

modules equip the remaining layers and rings.

To cope with the rate of background events at the LHC, a large fraction of the detector data will be analysed online

for event selection. The CMS trigger system consists of a hardware Level-1 trigger, provided by the calorimeters

and the muon system, and a software High-Level Trigger (HLT) running on a farm of a few thousand commercial

processors. The data from the tracker become available right after the Level-1 trigger. This allows the use of

the tracker at early trigger stages, provided that reconstruction algorithms can be made fast enough. The use of

standard processors in the HLT farmmakes it possible to use offline-quality code online, providing a high flexibility

for the trigger, and avoiding code duplication.

In this paper, we describe track and vertex reconstruction in the CMS experiment, for both offline and online

applications. In section 2 the CMS track finding is described, with an emphasis on the techniques that have been

developed to reduce computation time. At extremely high particle densities like in Heavy Ion collisions, the

default track finding has to be further adapted. The modifications are also described in section 2. In section 3

the Gaussian-Sum technique introduced to account for non-Gaussian tails in track fitting is explained. Results

for low momentum electrons are shown. In section 4 vertex finding in CMS is presented, with an emphasis on

online primary vertex finding. Robust vertex fitting techniques, introduced in order to reduce the influence of

mis-measured and mis-associated tracks on the vertex precision, are discussed in section 5.

2 Track reconstruction

2.1 Offline track reconstruction

Offline track reconstruction in CMS proceeds as follows:

initial track segments (seeds) are searched for by combining 2 hits in the pixel layers, compatible with a

2

Updated August 14, 2006



CMS All Silicon Tracker

Updated August 14, 2006



D0 Fiber Tracker
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CMS Pixel Detector

285 µm

100 µm 150 µm
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Resolution of Si Strip Detector

I The resolution of a Si hit depends on the number of
strips in the cluster (2-strip most precise)

I Charge drifts with Lorentz force: q(~E + ~v × ~B)

I Thin material: Landau distribution of charge [2]

I Track impact angle & position makes a difference [3]

I Delta rays (hard knock e−) can bias charge distribution

I Dead channels, noise, Vdep, temperature all could affect
this too

I Radiation damage changes

I Pileup from previous event

I Multiple particles passing through same strips
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Typical Resolution of 50 µm Strips (CDF)
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3D Points

A three dimensional point is reconstructed if we know both
the local x and y coordinate on the detector element and we
know the detector’s location in space precisely.

I If we have two simultaneous measurements in
orthogonal coordinates on a double-sided silicon
detector, or in a wire chamber or fiber tracker with axial
and stereo elements. We match the rφ and rz
measurements and make a 3D space point – the
problem is the matching can be hard to do

I Si pixel detectors! These are little rectangles of silicon
which automatically give us 3D information without
matching info from axial and stereo components.
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3D Space Point from Pixel Detector
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Typical Pixel Resolution (CMS):
8− 20 µm
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Figure 13: The residuals of the position reconstruction using the “precise” estimator for the-x direction (left side)

and the y-direction (right side). The resolution is for the 4 cm barrel layer and is integrated over all tracks entering

the layer.
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Figure 14: The residuals of the position reconstruction using the “standalone” estimator for the-x direction (left
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Pixel Stub! Impact angle (θ) from shape
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Figure 9: The method used to calculate the local

position of pixel hits in terms of the width W and the

edge charge of the cluster is sketched. The Lorentz

angle induces a shift on the charge width.

Figure 10: The method used to calculate the local

position of pixel hits in terms of the width W and the

edge charge of the cluster is sketched.

row respectively and is the length along the -axis of the inner pixels covered by the cluster, defined as

-size pitch for cluster size larger than 2 and zero otherwise. Since the local frame is defined in the center

of the detector unit, one needs to project the measured position into the inner plane by subtracting half a Lorentz

shift. When the charge width is greater than the cluster size or is greater than , only the charge

information is retained and Equation 4 is used with the constraint: if , then .

The contribution from the Lorentz angle is included in the charge width definition. This algorithm is used by both

the precise and the standalone position estimator when the -cluster size is larger than 1. In fact, the prediction

of the impact angle on the transverse plane is precise enough even if no track information is available, due to the

small fluctuations of the primary vertex in the transverse plane ( 15 m).

For the coordinate the precise position estimator uses a formula equivalent to Equation 4 for any cluster size

larger than 1:

(5)

where is the geometrical center of the cluster, and are the charges deposited in the first and the last

column respectively and is the length along the -axis of the inner pixels hit, -size pitch for cluster

size larger than 2 and zero otherwise. Similarly to the position computation, is set to 1 if is

larger than the size of the cluster. The knowledge of the track angle allows a precise evaluation of the chargewidth

also for very long clusters. When the track angle is not available (standalone estimator) Equation 5 is used only for

-cluster size smaller than 4 with the constraint if . For very long cluster

sizes ( ) charge fluctuation spoils the resolution of this method and the algorithm is used instead. This is

equivalent to the formula in Equation 5 with . To further improve the resolution a correction

( -correction) is introduced to minimize the bias on the measured hit position in the and bins

where the charge width is largest. The bias on the position is shown in Figure 11 and Figure 12 for the and

coordinate respectively. These plots represent the average value of the residual distribution as a function of the

charge ratio without and with the -corrections, the different curves correspond to different

bins of the track impact angles. The displacement from zero of these curves quantifies the bias on the position. As

can be seen, the largest effect appears for values of the impact angle corresponding to the largest charge width. In

this case, in addition to the charge fluctuations effects, there is a substantial probability for the cluster to be longer

than the effective size. After this effect has been corrected by an analytical function, the discrepancy from zero

of the average value of the residuals is less than 3 m. For the -coordinate, the same -corrections are applied

in both the precise and standalone position estimators, due to the fact that in the transverse plane is precisely

evaluated also from the detector position. No corrections are applied to the -position for cluster size greater than

three, since the bias in the average position is less than 5 m. In the “standalone” case the correction improves the

average position resolution by about (from 8.4 to 8.2 microns). For the -coordinate the correction is only

applied for the “precise” estimator since only then the track angle is sufficiently well known. For the “real” data

analysis the MC information will not exist! The -correction can then be either taken from the simulations or can

be evaluated using the so called “ -algorithm” [7]. It remains to be seen if in the “real” case there is a benefit from

using such a correction?

8
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Can you find the 50 GeV pT Track?
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Pattern Recognition & Track Fitting
Typically, pattern recognition algorithms are either
“inside-out” or “outside-in.”

I You have to start with some idea of the path of the particle to
bootstrap your algorithm: a track seed

I Then you take this candidate, this seed, can try to find compatible
hits in other layers

I Continue this process until you’ve met some criteria for what a
“good track” should have

I Once you’ve got your hits for your track, try to do a good job of
fitting your pseudohelix

I Psuedohelix because there is energy loss and multiple scattering

I There are also spurious hits from detector noise and low
momentum, unreconstructable tracks. These will mess up your
“true” helix

I Also must deal with inactive or inefficient regions of tracker!
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Alignment is Crucial!

I Before you have a hope of matching hits from one layer
to the next to make a helix, your detector elements’
positions must be known to the level of your intrinsic
resolution

I But how can you align your detector without tracks?

I This is the subject of part of Nick Hadley’s talks on
calibrations

I But it is always an iterative procedure, bootstrapped by
a very good optical survey during construction and
installation

I Here’s an example (from ATLAS) of what needs to be
done...
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pp55
PHYSTAT’05
Oxford, 12-15 September 2005

P. Brückman de Renstrom, S. Haywood
Least Squares Approach to the Alignment…
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Kalman Filter

I The Kalman Filter [4] is an iterative procedure

I You start with a seed track. For example, a pair of hits
in the pixel detector that line up within 5σ of the
primary interaction region

I Then you add points on successive layers, taking into
account projected error from current hypothesis track
and multiple scattering

I Finally, if this track passes some requirements for a
minimum number of hits, you refit it (smooth) again
with the filter using a better starting point
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Kalman Filter in Action

Estimated by GEANE or other method
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Tracking Resolution

The resolution of the various helix parameters depends on a
number of things

I The number of hits used from various subdetectors
(hopefully, more is better)

I The momentum of the particle. Higher momentum
particles deflect less from multiple scattering

I The polar angle of the track (η)

I Quality of alignment

I Presence of other tracks!

I Detector noise
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pT and d0 Resolution (CMS)

in Fig. 3. The use of the pixel detector alone makes the reconstruction very fast and useable in the High-Level

Trigger. The vertex position resolution can be brought down to 15 m by using the whole tracker; the computing

time consumption, however, is too large and this procedure is appropriate only for accurate offline reconstruction.

4 Tracking for the High-Level Trigger

Track reconstruction in the High-Level Trigger (HLT) is guided by the presence in the event of a Level-1 trigger

object or an HLT candidate, with the aim of determining lepton isolation, tagging b jets and improving the

resolution of muons [10].

Computing time constraints in the HLT are stringent and tracking algorithms are required to be robust and fast.

Track reconstruction can be speeded up by looking for tracks only in the regions of interest defined by Level-1

objects (regional tracking), reducing the number of track seeds in the event. Tracking can also be partial/conditional

and it can be stopped when tracks satisfy certain basic requirements (e.g., a minimum number of hits, a minimum

, etc.) while keeping the performance at an acceptable level. The resolution as a function of the number of

hits reconstructed per track is shown in Fig. 4. The asymptotic value of the resolution is reached with five or six

reconstructed hits.
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Figure 3: Difference in the position between the re-

constructed and the simulated vertex at low and high

luminosity. The standard deviation of the Gaussian

fit is quoted as the resolution on the primary vertex

position.

Figure 4: resolution as a function a number of

reconstructed hits in the barrel compared to the full

tracker performance (the leftmost point at “0”).

5 Conclusions

The CMS pixel and microstrip silicon tracker performance at LHC is expected to meet the prior requirements.

Track reconstruction algorithms based on the Kalman Filter are robust and fully efficient. The pixel detector

allows fast and efficient seed generation and vertex reconstruction. A good precision in the track reconstruction is

already achievable with the pixel hits and four silicon strip hits. The possibility to perform fast track reconstruction

at High-Level Trigger was studied and proven feasible.
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Figure 5: Reconstruction efficiency (closed symbols)

and rate of fake tracks (open symbols) as function

of transverse momentum in the barrel region of the

tracker for central Pb+Pb collisions with a charged

particle density of .

are due to the fact that the radiation in the innermost layer of the Tracker can not be detected. This effect can

be partially compensated by including a vertex constraint. In addition, an improvement is expected if also the

measured positions are modeled by a mixture of Gaussians.

Since the GSF accounts for track kinks due to bremsstrahlung, the selection of the electron track hits can be refined.

Figure 7 shows a comparison of the distributions of the number of hits, for offline electron track reconstruction

based on the GSF (e-GSF), for standard offline track reconstruction (default KF), and for High-Level Trigger

electron reconstruction (HLT electrons). GSF-based tracking selects most electron hits, i.e. up to the outer tracker

layer. A precise estimate of the electron momentum is provided at each tracker layer. The difference in momentum

at the primary vertex and at the electromagnetic calorimeter surface shows, when using GSF-based tracking, a

strong correlation with the simulated bremsstrahlung photon energy. This correlation could thus be used in order

to detect electrons which have radiated a significant fraction of their energy.

4 Vertex Finding

Vertex reconstruction typically involves two steps: vertex finding, where clusters of tracks originating from the

same vertex are grouped together as vertex candidates, and vertex fitting, where, from a set of tracks, the most

compatible vertex position is computed and used to constrain track parameters at the vertex. The reconstruction

of primary vertices can be performed at an early stage, using the Pixel detector alone. The first estimation of the

primary vertex of the hard event is used to constrain track reconstruction (regional reconstruction).

4.1 Online vertex finding with the Pixel detector

The first estimation of the -coordinate of the primary vertex is obtained with the only Pixel detector response. A

fast tracking is performed in order to find sets of three hits compatible with a track (tracklets), to be used as inputs

to the vertex finding. Two algorithms have been implemented in CMS [6]:

the Histogramming method which clusterizes tracklets on the basis of their longitudinal impact parameter;

the Divisive method which iteratively discards tracklets incompatible with the vertex estimate and recover

discarded tracklets to make a new vertex.
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Single Track Reconstruction Efficiency
(CMS)

The transverse momentum resolution for the same single muon samples is shown in Fig. 2. It is better than 3%

for up to =1.75; at large , the resolution is affected by the reduced lever arm of the track.

The gap between the barrel and the end-cap disks causes a slight degradation at . At momenta smaller

than the multiple scattering becomes significant and the resolution reflects the amount of material

traversed by the particles.

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

! 

A
lg

o
ri
th

m
ic

 E
ff
ic

ie
n
c
y

µ , pT = 100 GeV/c
µ , pT = 10 GeV/c
µ , pT = 1 GeV/c

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

! 

G
lo

b
a
l 
E

ff
ic

ie
n
c
y

µ , pT = 100 GeV/c
µ , pT = 10 GeV/c
µ , pT = 1 GeV/c

10
-2

10
-1

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25

! 

"
 (p

T
)/

p
T

µ , pT = 100 GeV/c
µ , pT = 10 GeV/c
µ , pT = 1 GeV/c

Figure 1: Global efficiency of the tracking algorithm

for single muon events with

as a function of .

Figure 2: Transverse momentum resolution for single

muon events with as a func-

tion of .

The Kalman filter is optimal if the track parametrization can be approximated by a linear function of the track

parameters in the neighbourhood of the track, and if the distributions of the measurement uncertainties and of

the material effects (mainly multiple scattering) are close to Gaussian. If the last hypothesis is not satisfied, the

linear Kalman filter can be generalized to deal with non-Gaussian noise, provided that all distributions involved are

mixtures of Gaussians. The resulting algorithm, in which several Kalman filters run in parallel, is called Gaussian

Sum Filter (GSF).

A GSF algorithm was implemented in ORCA [7] for electron-track reconstruction (where the Bremsstrahlung

energy loss distribution is highly non Gaussian), leading to 30 % improvement of the momentum resolution for

electrons with respect to the standard Kalman filter.

A track fitting method, implemeting the soft hit assignment, was also developed (Deterministic Annealing Filter)

[8]. Hits are assigned to tracks according to an assignment probability distribution computed from the hit residuals.

The deterministic approach copes better with the large track multiplicity expected at high luminosity.

3 Vertex reconstruction and performance

Vertex reconstruction algorithms are needed to reconstruct the primary interaction point as well as for the detection

and reconstruction of displaced secondary vertices (e.g., inside b jets).

The primary vertex finding starts from hit triplets in the pixel detector; hits are matched in ( ) and ( ) to define

track candidates. Primary vertices made out of at least three tracks crossing the axis are used to build a list. Tracks

incompatible with any of the vertex candidates are excluded from further processing. The tracking efficiency is

above 90% with a ghost rate between 1% and 10%. In a second step, only the primary vertex candidates with at

least three valid tracks with are kept. The position of each vertex is given by the mean value of

the impact parameters of all pertaining tracks.

The main primary vertex, i.e., that originating from the signal interaction, is found with 95% efficiency [9]. The

primary vertex reconstruction in the pixel detector leads to a position resolution ranging from 20 to 70 m as shown

3
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High Multiplicity Strategies

I If your inner layers are being swamped, use an
outside-in algorithm instead of an inside-out algorithm

I Try to boost efficiency for higher pT tracks by
reconstructing them first, and then remove these hits
from consideration

I Upgrade your detector

Updated August 14, 2006



Vertexing: Basic Idea

The basic idea of vertexing is to figure out where the
particles came from. We can associate tracks to particle
decays and interactions this way.
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Vertexing Strategy

I A vertex is a point where more than one particle comes
from

I If there is more than one track coming from the same
place, then the helixes should cross each other, right?

I Look for places where helixes cross

I Caveat: The track parameters ~pi = (C , φ, d0, tan λ, z0)
are different in different parts of the helix
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Track Parameters Depend on Reference
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Figure 3: Change of parameters in XY when the reference point moves from "xr# yr$ to "xr# yr$.
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Vertexing Algorithm

I If helixes cross, that means the track parameters must
be the same at some point

I In 2D, this is as simple as looking for crossing circles

I But you can take full advantage of full track
parameterization and covariance matrix to look for
vertexes

I Most methods [5] are built on some kind of χ2 of track
parameters

χ2 =

Ntrk∑
i

(~x − ~g(~pi))
TJTM−1

i J(~x − ~g(~pi))
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Vertex Algorithm Continued

I Again, we have a problem of pattern recognition

I The χ2 can be defined for any collection of tracks

I Vertex algorithms are usually iterative however, pruning
or down-weighting tracks which make large
contributions to the χ2 (outliers)

I Clumps, or clusters of tracks are what is searched for in
this way
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Vertex Resolution (CMS)
Table 2: Resolutions, tails (95% coverage) and width of the pulls for the Kalman, Adaptive and Trimmed Vertex

Fitters, for the primary vertex of the and channels, as well as the secondary vertex of the

channel. The effect of track misassociations is not accounted for.

Filter -coordinate -coordinate

Tails Pull Tails Pull

[ m] [ m] [ m] [ m]

Kalman 16.7 102 1.41 20.1 117 1.31

Adaptive 12.2 28.0 0.97 16.2 41.8 0.97

Trimmed 12.4 28.8 0.98 16.6 43.0 1.00

- primary vertex

Kalman 44.1 176 1.11 54.3 224 1.07

Adaptive 38.4 94.9 0.94 48.7 140 0.94

Trimmed 39.4 98.7 0.97 49.5 144 0.95

- secondary vertex

Kalman 54.8 164 1.08 73.8 471 1.08

Adaptive 53.6 155 1.02 73.0 440 1.02

Trimmed 54.0 174 1.04 75.0 502 1.05

6 Conclusions

Simulation studies show that the CMS experiment has a robust and versatile central tracker, able to operate in the

challenging environment of the LHC. The combinatorialKalman filter algorithm developed for track reconstruction

in CMS yields high track reconstruction efficiency, 98% for isolated muons within acceptance. The pixel detector

located nearest to the beam is a key element: it is able to provide high-quality track seeds even at High-Level

Trigger. This in turn allows primary vertex finding to be performed at High-Level Trigger. The identification of

the primary vertex of the hard collision is useful in order to restrict tracking to particles originating from that

vertex. Such techniques make track reconstruction fast enough to be used at High-Level Trigger, which will be an

important asset for background rejection at the LHC. It has also been shown that the standard track finding can be

adapted to perform track finding in Heavy Ion events, yielding a track finding efficiency of about 75%.

Powerful statistical techniques have also been introduced in order to robustify track and vertex fitting. The

Gaussian-Sum track fit is well-suited to treat the Bethe-Heitler energy loss distribution of bremsstrahlung in elec-

tron reconstruction. In vertex reconstruction, Trimming and Adaptive methods are shown to improve the vertex

position resolution and reduce resolution tails.

Track and vertex reconstruction software in CMS is well-advanced. Benchmark analyses, meant to ensure the

readiness of the CMS reconstruction and analysis software before LHC startup, will test this software further and

ensure that the required functionality is available.
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Figure 6.1: Monte Carlo b decay at . The upper plot clearly shows the jet-like nature of the hadronic

event, with a large charged track multiplicity in the central trackers and large amounts of energy in the calorimeters. The

lower plots show the secondary vertexes of the b hadron with decay lengths of several .

I B hadrons have lifetimes and
decay lengths distinct from
other species

I Decay length is measurable in
a given event by finding a
vertex (“secondary”) and
taking the distance to the
“primary” vertex

I Can look for B hadrons by
finding these vertexes which
are compatible with known
properties of B hadrons
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Figure 6.1: Monte Carlo b decay at . The upper plot clearly shows the jet-like nature of the hadronic

event, with a large charged track multiplicity in the central trackers and large amounts of energy in the calorimeters. The

lower plots show the secondary vertexes of the b hadron with decay lengths of several .

I B hadrons have lifetimes and
decay lengths distinct from
other species

I Decay length is measurable in
a given event by finding a
vertex (“secondary”) and
taking the distance to the
“primary” vertex

I Can look for B hadrons by
finding these vertexes which
are compatible with known
properties of B hadrons

Updated August 14, 2006
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Run #    441525    Event #  1504 

Transverse Imbalance : Longitudinal Imbalance : 

Thrust : Major : Minor : 

Event DAQ Time :

  Total Energy :  110.38 GeV
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 .9175  .2847  .0800
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Figure 6.1: Monte Carlo b decay at . The upper plot clearly shows the jet-like nature of the hadronic

event, with a large charged track multiplicity in the central trackers and large amounts of energy in the calorimeters. The

lower plots show the secondary vertexes of the b hadron with decay lengths of several .

I B hadrons have lifetimes and
decay lengths distinct from
other species

I Decay length is measurable in
a given event by finding a
vertex (“secondary”) and
taking the distance to the
“primary” vertex

I Can look for B hadrons by
finding these vertexes which
are compatible with known
properties of B hadrons

Updated August 14, 2006
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class BTag { 

public: 

 BTag (const std::string &name, 

  const std::string &cut); 

 /// Returns detailed results of the tag. Taggability is checked 

 /// first. 

 const TagResults &IsTaggedResults (ReadEvent *reader, const D0Jet *jet); 

 const TagResults &IsNegTaggedResults (ReadEvent *reader, const D0Jet *jet); 

 /// Running on MC and applying TRF's is more complex. There are several ways 

 /// to do this. The best is probably to use the MCTRF and MCTRFError. These 

 /// expect MC info in the event and will determine the flavor of the 

 /// jet on their own, and apply the correct TRF. 

 /// NOTE: All MC trf's already have data/mc scale factors applied unless 

 /// doDataMCScale is false. 

 double MCTRF (ReadEvent *reader, const D0Jet *j); 

 double MCTRFError (ReadEvent *reader, const D0Jet *j); 

 TagWeightResults MCTRFResults (ReadEvent *reader, const D0Jet *j); 

}; 
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# 
# Definitions for 
# the SVT TIGHT 
# tagger 
# 

Tagger.Class: TagSVT 

# 
# Parameters for the tight algorithm 
# 
SVT.trackPtCut: 1.0 
SVT.trackDCACut: 3.5 
SVT.trackMaxChi2: 3.0 
SVT.LxySignif: 7.0 

# 
# Default TRF mapping. The actual TRF's 
# themselves are defined 
# in the default parameter file. 
# 

Tagger.DefaultTRF.Light: SVT_Tight_Light 
Tagger.DefaultTRF.BQuark: SVT_Tight_BQuark 
Tagger.DefaultTRF.CQuark: SVT_Tight_CQuark 
Tagger.DefaultTRF.MuLight: 
SVT_Tight_MuLight 
Tagger.DefaultMCTRF.Name: MCTagWt 
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Using the ROOT meta-data system to turn a text string into a fully configured tagging algorithm is quite powerful. Many of our frameworks (Athena, the DØ framework, etc.) 

do the same task. It seems that we are reinventing the wheel at some level: many languages have this built in better than ROOT’s metadata as the features are incorporated in 

the language design. Many of the modern languages also have a compiler built into the language – extending the program at run time is quick and efficient. Though C++ place 

at the pinnacle of HEP programming won’t change anytime in the near future it is getting more and more clear that it should. 
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Summary

I Whew! There’s a lot to tracking and vertexing and of
course we’ve just scratched the surface

I It is an absolutely crucial part of any modern high
energy physics collider experiment

I The only way to get good tracking and vertexing is to
really understand your detector

I Thanks, and have fun in your discussion sections
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